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Noninvasive Estimation of the Left Ventricular Pressure Waveform
Throughout Ejection in Young Patients With Aortic Stenosis
GARY F. SHOLLER, MB, BS, FRACP, STEVEN D . COLAN, MD, FACC,
STEPHEN P . SANDERS, MD, JOHN F . KEANE, MD
Boston, Massachusetts
Validation of a totally noninvasive
method for estimating
instantaneous left ventricular pressure and constructing a
pressure waveform throughout ejection in patients with
aortic
.1-se, is reported. In 20 patients (aged 8 .75
2
10
years) with congenital aortic stenosis (measured peak left
ventricular pressure 120 to 260 mm Hg ; Iransvatvular
gradient 18 to 165 oem Hg), treareawtic value continuous
wave Doppler ultrasound, indirect carotid
pulse tracing,
peripheral blood pressure and measured left ventricular
pressure were recorded simultaneously at cardiac
catheter-
ization . Data were entered into a microcomputer using a
digitizing tablet and the Instantaneous Doppler gradient
was calculated and added to instantaneous aortic pressure,
lerived from the time-corrected and calibrated carotid
pulse tracing, to estimate instantaneous left ventricular
pressure .
Accurate nuninvasive methods for estimating left ventricular
pressure and wall stress during ejection have been developed
for subjects without left ventricular outflow tract obstruction
(1,2). Noninvasive evaluation of left ventricular
mechanics
in patients with aortic stenosis, however, has been hampered
by inability to estimate the intracavitary pressure throughout
ejection
(3) . Techniques based on estimation of left ven-
tricular pressure at end-systole have proved valuable in
assessment of myocardial performance
(4,5) . However, the
availability of left ventricular pressure measurements
throughout ejection would allow more detailed evaluation of
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Estimated left ventrIcular pressure waveforms repro-
duced measured left ventricular pressure closely . The mean
error at peak left ventricular pressure was 0
.2
* 4 .8 nun
Hg (r = 0.98, p = 0,001). The average error throughout
ejection was 0.9 t S
.i m Hg. The error of estimated
pressure was not related to age or the severity of aortic
stenosis . The Doppler peak instantaneous gradient was
observed to correlate closely (r = 0.97, p = 0.001) with
perk to peak gradient.
With this technique, the left ventricular pressure wave-
form throughout ejection can be accurately estimated nom
invasively in patients with aortic stenosis
. This methodology
enables determination or mean, total and instantaneous
systolic left ventricular pressure-
(!
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myocardial mechanics in aortic stenosis . Using continuous
wave Doppler ultrasound, an indirect carotid pulse tracing
and peripheral blood pressure we have devised a totally
noninvasive means for estimating the left ventricular pres-
sure waveform throughout ejection.
Methods
Study subjects. Twenty-three consecutive sedated pa-
tients undergoing cardiac catheterization for isolated con-
genital aortic stenosis were evaluated .
Twenty patients aged
8.75 ± IO years (range 3 weeks to 35 years) with valvular (n
= 19) or membranous subaortic stenosis (n = I) had data
suitable for evaluation . The remaining three patients had
poor quality Doppler recordings, mainly related to limita-
tions in patient positioning in the catheterization
laboratory,
that precluded inclusion of their data for analysis. The
measured peak left ventricular pressure for the 20 patients
studied was 120 to 260
mm Hg, and the peak to peak
transvalvular pressure decrease was 18 to 165 mm Hg .
Pressure and Doppler velocity recordings . A fluid-filled
catheter with a calibrated Gould P231D pressure transducer
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Figure 1 . Tracing of raw data acquisition . The
electroeardiogmm is located at the top
. Simuha-
neausly measured ascending aortic Doppler trac-
ing (apical window), indirect (carotid) putse trac-
ing and directly measured left ventricular (LV)
pressure are demonstrated.
was used to measure left ventricular pressure . With use of an
HP 77020A cardiac imager with a 1 .8 MHz continuous wave
Doppler probe, the transanrlic valve Doppler signal was
recorded from the apical, suprastemal or right sternal edge
position, depending on where the highest velocity and best
quality time-velocity profile could be obtained . The mea-
sured left ventricular pressure, Doppler time-velocity pro-
file, indirect carotid (or axillary) pulse tracing and the
electrocardiogram (ECG) were recorded simultaneously
(Fig. 1) at 100
mills.
Brachial blood pressure was recorded
using a Dinemapp 845 or 1846P vital signs monitor .
Data analysis . The recorded data (three cycles) were
digitized by hand using an IBM AT computer and custom
software (S .D.C .)
at a sampling rate of 200 points/s
. In all
cases the RR interval was < I s, yielding a system capable of
recording nonaliased frequencies of ?100 Hz
. This fre-
quency response is well beyond the physiologically signifi-
cant range for pressure i6,7) . Waveforms were digitized
independently by two of its (G .F .S ., S.D .C .) to evaluate
interobserver variability .
The carotid pulse tracing was calibrated by assigning the
diastolic blood pressure to the minimal point and the systolic
blood pressure to the maximal point of the waveform . The
pressure throughout ejection was determined by linear inter-
polation. This method has been validated previously against
an intraarterial standard in our laboratory (1,2.8). Delay in
the carotid pulse tracing was corrected by electronically
aligning the onset of the rapid upstroke of the carotid pulse
with the onset of flow of the aortic Doppler time-velocity
envelope (Fig
. 2A).
The insrnntaneous Iransiortie robse pres .rare gradient
was calculated from the Doppler velocity recording using the
simplified Bernoulli equation (pressure gradient = 4 x
iveiocityj-). Instantaneous left ventricular pressure during
ejection was estimated by adding the Doppler-derived in-
stantaneous gradient to the instantaneous aortic pressure
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derived from the calibrated, time-corrected indirect pulse
tracing (Fig
. 2B). The estimated left ventricular pressure
waveform was constructed from the instantaneous pressure
points by linear interpolation of the calculated instantaneous
left ventricular pressure throughout ejection . The measured
left ventricular pressure waveform was then adjusted in time
until the pressure at the onset of ejection was equal in the left
ventricle and aorta (Fig. 2C) to compensate for the time
delay resulting from the use of fluid-filled catheters .
The time-corrected, measured left ventricular pressure
and the estimated left ventricular pressure were compared
by calculating the difference between instantaneous esti-
mated and measured left ventricular pressure throughout
ejection
. Measured peak to peak gradient was calculated as
the difference between measured peak left ventricular pres-
sure and peripheral systolic blood pressure .
Statistical analysis . Results for the 20 patients are re-
ported as mean ± I SD for the following: 1) estimated and
measured peak pressure ; 2) peak and mean gradient
; 3) the
difference between estimated and measured instantaneous
pressure at the time of peak left ventricular pressure ; and 4)
the mean value for the difference between estimated and
measured left ventricular pressure throughout ejection . Lin-
ear regression analysis was used to evaluate the relation of
estimated peak left ventricular pressure and the peak instam
taneous pressure gradient to 1) measured peak left ventricular
pressure, and 2) measured peak to peak pressure gradient .
Linear regression was also used to determine if any relation
exisied Letwcen subject age or the severity of valvular steno-
sis (peak to peak gradient) and 1) the magnitude of the
difference between the measured and estimated peak pres-
sure, 21 the mean difference between measured and estimated
instantaneous left ventricular pressure, and 3) the difference
between peak instantaneous and peak to peak gradient .
The mean ± SD of the instantaneous difference between
estimated and measured left ventricular pressure for all
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Figure 2. A, Time correction of the indirect (carotid) pulse tracing .
Time correction It) was done by electronically aligning the onset of
ejection, determined from the Doppler tracing, with the onset of the
rapid upstroke of the pulse tracing . B, Estimation of left ventricular
pressure . The Doppler derived transaortic
valve gradient was added
to the time corrected, calibrated pulse tracing
to provide estimated
instantaneous left ventricular pressure (estimated LV) throughout
ejection
. C, Time correction of measured left ventricular pressure .
The delay in transmission of the measured left ventricular pressure
(measured LV) due to a fluid-filled catheter was time corrected (t) to
permit comparisons between measured and estimated left ventricu-
lar pressure (estimated LV) . The measured pressure was time
adjusted so that the pressure
at the onset of ejection in the left
ventricle and pulse tracing was equal .
subjects was also determined throughout election, with each
instant in ejection expressed as a percent of the total ejection
period, 07o being the onset of ejection and 100% being the
end of ejection determined from the aortic Doppler tracing
.
Interobserver variability was evaluated
by a paired i test,
The estimated peak and mean ejection gradients
for the two
observers were compared using linear regression .
Results
Estimated versus measured pressures . Individual data for
the 20 patients for Observer I are listed in Table I . The
average difference between estimated and measured peak
left ventricular pressure was 0
.2 t 4.8 mm Hg (range -8 to
+11) for Observer I and -1 .1 ± 7 .2 mm Hg (range -15 to
+12) for Observer 2, with a close correlation between
observers (r = 0.98, p = 0.001) (Table 2, Fig. 3). The average
value for the mean difference between the estimated and
measured instantaneous pressure throughout ejection was
0 .95 - 5 .1 (range -I I to +12) for Observer 1 and 1 .2 1 6.2
mm Hg (range -7 to + 13) for Observer 2 .
The maveform of the estimated left ventricular pressure
during ejection demonstrated excellent fit with the measured
pressure waveform . The average instantaneous difference
between estimated and measured left ventricular pressure
for the 20 subjects ranged from -10 mm Hg at 1% of ejection
to +8 mm Hg at 88% of ejection (Fig . 4).
The measured peak to peak pressure gradient and the
estimated peak instantaneous Doppler pressure gradient
were highly correlated (r = 0 .97, SEE = 8 mm Hg, p =
0 .001, peak to peak gradient
= [-0 .7]
+ 0
.96 x peak
instantaneous gradient), with a mean difference of 2 .2 ± 4 .6
mm Hg (range -5 .6 to +9.8).
Correlation with patient characteristics . No significant
correlation was found between either subject
age or severity
of stenosis (peak to peak gradient) (Table 3) and I) the
difference between estimated and measured peak left ven-
tricular pressure, 21 the mean difference between estimated
Table 1 . Individual Data in 20 Patients (Observer I)
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Grad = gradient: Inst . - instantaneous
; LV = left ventrivular .
Patient
No. Age (yr)
Peak last .
Gradient
tram Hg)
Peak to
Peak Grad .
(mm Hg)
Difference at
Peak LV
Pressure
Imm Hg)
Mean
Difference
tom Hg)
1 3 67 63 1 .57 1 .45
4 73 65 -7 .57 -3.2
3 0.5 83 83 3 .75 2.48
4 13 22 15 -7 .0 -10.7
5
0
.2 84 82 -0 .87 -1 .87
6
0 .1 60 57 - I .tt -1 .87
7 16 44 53 11 .77 11 .9
8 10 72 68 -2 .88 2.97
9
11 47 50 3 .58 9.62
10 13
116 119 2,12 4.19
II 29 167
167
5
.2 2.5
12 35 67 53 -0.52 -1.8
13 5 84 83 -1 .84 -0.8
14 9 84 83 5.11 1.9
15 58 49 -5.99 -2.13
16 0 .2 31 33
3
.75 4.84
17 21 10 15 4,68 2.01
IS 4 54 53 -5.19 -5.6
19 0 .2 97 88 -2.58 6.69
20 0.1 50 48 -1 .78 -4.48
Mean
8.8 69 66 0.2 0.9
SD tin x34 x35 x4
.8 x5.1
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Table 2. Results and Interobserver Correlation
'Observer
I cams, Observer
2
value fu
. . .
est
; It, = (
. 1x905 fur all regra,iuns . LVP= let ventricular pressure :
r =correlation coeF,lcient .
and measured pressure throughout ejection, or 3) the differ-
ence between peak instantaneous and peak to peak gradient.
Reproducibility . No significant difference was found be-
tween observers for any variable calculated, with extremely
close correlations noted (Table 2) (Fig. 5)
.
Discussion
We have demonstrated that the instantaneous left ven-
tricular pressure during ejection can be accurately estimated
noninvasively in young patients with aortic stenosis with
minimal interobserver variability . Furthermore, the instan-
taneous pressure points can he used to construct the left
ventricular pressure waveform . The average difference be-
tween estimated and measured left ventricular pressure
throughout ejection was very small, and the discrepancies
observed in the nonplateau phases of flow followed a pattern
predictable from the physics of Doppler ultrasound and
ejection hemodynamics. Differences between estimated and
measured left ventricular pressure were not related to pa-
tient age or severity of stenosis .
Methodologie considerations, The maximal difference be-
tween the estimated and measured left ventricular pressure
Figure 3, Correlation between measured and estimated peak left
ventricular (LV) preasure .
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occurred at the extremities of ejection where the Doppler
waveform is often least well defined (9) and the rate of
change of velocity is greatest. The pattern of underestima-
tion early in ejection (during acceleration) and overestima-
tion in late ejection (during deceleration) is mostly due to use
of the simplified Bernoulli equation in which the energy
consumed by flow acceleration is ignored (10) . Flow accel-
eration accounts for significant energy expenditure only
during early and late ejection, It is, therefore, in aortic
s tenosis. in which flow velocity and acceleration are high
(11) . that the differences between estimated and measured
pressure caused by ignoring flow acceleration are most
significant. In contrast, and irrespective of the degree of
obstruction, during the plateau phase of ejection flow accel-
eration is minimal and can be ignored. Thus, calculation of
the peak left ventricular pressure or the peak gradient is
minimally affected by neglecting flow acceleration, The
counterbalance of pressure undcresimation in early ejection
and overestimation in late ejection resulted in a small mean
pan-ejection difference and permits calculation of variables
based on the estimated left ventricular pressure waveform .
Figure 4. The average instantaneous difference (with 95% confi-
dence limits) between measured and estimated left ventricular
pressure fur all 20 patients at each point throughout
ejection.
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Ob,erer I Observer 2 p' it
Doppler Data (mm Hg)
Peak gredienl 69 z 34 10 ^_ 33 NS (0 .93) 0.99
Mean gradient 36 m 19 36
	
17 NS (0 .971 0.98
Measured data train Us,
Measured Peak LVP 163 x 3s 163 34 NS (0 .98) 0.99
Peak to peak gradient 66 x 35 67 x 33 NS (0.97) 099
Derived data (mm Hg(
Predicted pack LVP 163 x 33 164 x 33
NS (0
.931 0.99
Difference at peak LVP 0.2 -_ 4.8 -I .) m 7 .2 NS 30.37) 0.73
MeandiDerenae 0.9xII 6,2 NS (0.87) 0 .81
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Calculation of the transvatvalar pressure gradient based
exclusively on the downstream (distal) velocity presents
another potential source of error for this method (12) . The
flow velocity below the aortic valve was neglected in our
calculations because the left ventricular pressure was mea-
sured using a catheter placed in the left ventricular body
rather than in the immediate subsonic region. Although it is
customary to discuss left ventricular pressure as if it were
homogeneous, there are significant intraventricular pressure
gradients (>10 mm Hg), particularly during the period of
flow acceleration in early systole (12).
Use of a left ven-
tricular pressure measurement from the body of the left
ventricle eliminates the need for consideration of velocity
below the aortic valve because the intraventricular pressure
gradient, which is responsible for the measured flow velocity
in the subaortic region, is included . The intraventricular
pressure gradient cannot be neglected in calculating the true
transvalvular gradient, and therefore the failure to consider
proximal velocity can play a role in the differences noted
between Doppler estimation of aortic stenosis gradients and
those recorded at catheterization on pullback (12) or using a
dual manometer system with pressures recorded on both
sides
of
the valve
.
Potential sources of measurement error. Other sources of
error may include off-angle recording of the Doppler time-
velocity profile and methods of pressure acquisition and
analysis. We recorded the Doppler tracing from several
transducer locations including suprasternal notch, right ster-
nal border and apex, and used the tracing with the highest
velocity and best envelope definition
. Potential pitfalls in the
recording of the indirect pulse tracing have been discussed
previously 11,2,8) . The frequency response for the fluid-filled
catheter system used for direct measurement of left ven-
tricular pressure is flat to approximately 15 Hz, which has
been shown to be adequate for physiologic pressure mea-
surements (6) . The use of this fluid-filled catheter system
also introduced a variable and unpredictable time delay in
the left ventricular tracing
. Consequently, the digitized mea-
sured left ventricular pressure waveform was electronically
Table 3 . Correlations Between Derived Data and
Patient Characteristics
Correlation Cuelficient in valve)
Difference
Difference Moan
Between Peak
Between Difference instantaneous
Estinnned and Throuthem and Peak to Pea' .
Measured PLVP
Ejeciinn
Gradient
p values ,it signifeant for all envies . PLVP = peak left ventricular
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Figure S. Interobaerver correlation for peak instantaneous, Doppler-
derived transaortic outflow gradient .
adjusted in time so that points on the estimated and mea-
sured waveforms equal to the diastolic blood pressure be-
came coincident
. This automated time correction has the
further advantage of eliminating observer bias .
Peak instantaneous versus peak-to-peak gradients. We
also noted a close correlation between Doppler peak instan-
taneous gradient and measured peak to peak gradient . This
supports the observations of other investigators that in
patients with aortic stenosis the Doppler peak instantaneous
gradient closely approximates the measured peak to peak
gradient (13,14)
. Errors reported in studies comparing non-
simultaneous Doppler and catheter measurements are mare
likely to represent changes in patient status rather than
inaccuracy of the Doppler methodology . However, the larg-
est differences between peak to peak and peak instantaneous
gradients have been reported in patients with mild aortic
stenosis (13), a subgroup not well represented (<10%)
among our subjects .
Conclusions . The left ventricular pressure waveform dur-
ing ejection can be accurately estimated noninvasively in
patients with aortic stenosis . This technique should permit
more detailed evaluation of ventricular mechanics including
calculation of instantaneous wall stress throughout ejection
and determination of peak (hyperteophic stimulus [15,16]),
mean and total (correlating with oxygen consumption [151)
ejection wall stress .
We ucknowl,dgc the assistance and
coop-lo,
of James E . Lock. MD and
the stuffuf the cardiac carheteriruion laboratory and the work of Emily Flynn
Macintosh in pr eparation of the hgams.
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